A novel nitrogen-rich energetic compound 4-amino-1,2,4-triazole dinitroguanidine salt (4-ATDNG) was synthesized and fully characterized. Its crystal, thermal behaviour, and detonation properties were investigated by X-ray diffraction, thermogravimetry-derivative thermogravimetry-differential scanning calorimetry (TG-DTG-DSC) coupling system, and the Kamlet-Jacobs equation. ), and impact sensitivity (h 50 ¼ 135 cm), it is proposed that 4-ATDNG possesses excellent thermal stability and has the potential to be a useful energetic material in the future.
Introduction
During the last few decades, considerable effort has been focussed on the development of nitrogen-rich high-energydensity materials (HEDMs) with high performance and decreased sensitivity as well as environmental compatibility. [1] [2] [3] [4] [5] Unfortunately, energetic compounds usually exhibit poorer thermal stability and high sensitivity to impact, friction, thermal shock, and electrostatic discharge. One possible approach to solve this problem is to introduce strong hydrogen bonds (especially the hydrogen bonds between -NH 2 and -NO 2 groups) in the crystal structure. The inter-and intra-molecular hydrogen-bonding networks between -NH 2 and -NO 2 groups may contribute to higher density, higher thermal stability, and lower sensitivity in an energetic compound.
One of the hottest topics in the field of HEDM is organic nitrogen-rich energetic salts. The energetic salts often possess advantages over their atomically similar non-ionic analogues, as these salts tend to exhibit lower vapour pressures and higher thermal stability. [6] [7] [8] Through suitable combination of different energetic cations and anions, the properties of energetic salts may be readily improved and optimized. So far, many organic nitrogen-rich energetic salts with excellent properties have been prepared from various energetic cations or anions derived from imidazole, [9, 10] triazole, [11] and tetrazole. [12, 13] Dinitroguanidine, [14] which has inter-and intra-molecular hydrogen-bonding networks between the -NH 2 and -NO 2 groups, has received much attention for its excellent energetic properties and high density. [15] A considerable number of studies have also demonstrated that R-NHNO 2 normally can act as a moderately strong acid, and that the stability of these compounds can be dramatically increased by transformation of the -NHNO 2 moiety into -[NNO 2 ]
À to form a salt. [16] However, the high enthalpy of formation of an energetic material is directly attributable to the large number of inherently energetic N-N and C-N bonds. Not surprisingly, 4-amino-1,2,4-triazole consists of this type of structure with an excellent energetic performance and a rather high calculated enthalpy of formation of þ318 kJ mol À1 . [17] Herein, a novel nitrogen-rich energetic material 4-amino-1,2,4-triazole dinitroguanidine salt (4-ATDNG, Scheme 1) was designed. Its crystal structure, thermal behaviour, and calculated detonation properties were investigated to give a better understanding of its physical and chemical properties.
Materials and Methods
Experimental Section 4-Amino-1,2,4-triazole was prepared according to Sanz et al. [18] Dinitroguanidine was prepared according to Astrat'yev et al. [14] The 4-ATDNG salt was prepared as follows: to a vigorously stirred solution of dinitroguanidine (1.49 g, 0.01 mol) in methanol (15 mL) was added dropwise a solution of 4-amino-1,2,4-triazole (0.84 g, 0.01 mol) in methanol (15 mL). A precipitate of 4-ATDNG was formed immediately during the process. The suspension was stirred at 408C for 30 min and cooled to room temperature. Then, the insoluble solid was filtered and washed with cool methanol several times. Recrystallization (water/ methanol) of this material afforded the 4-ATDNG ( A BrukerAvance III 500 MHz spectrometer was used for 13 C NMR spectra of 4-ATDNG; IR spectra were obtained on a Thermo Nicolet IS10 IR instrument; electrospray ionization mass spectrometry (ESI-MS) results were obtained on a Finnigan TSQ Quantum mass spectrometer and elemental analysis was carried out on a Perkin-Elmer PE-2400. Thermogravimetryderivative thermogravimetry-differential scanning calorimetry (TG-DTG-DSC) curves were obtained on a Netzsch STA 409 PC/PG coupling system with an initial mass of 5 mg placed in alumina crucibles (argon atmosphere with a flow rate of 30 mL min
À1
). Further, thermal behaviour at different heating rates of 5, 10, 15, and 20 K min À1 was also examined to investigate the main pyrolysis dynamics of 4-ATDNG.
Results and Discussion

Crystal Structure
Single crystals suitable for X-ray measurements were obtained by slow evaporation of an aqueous methanol solution of 4-ATDNG. A white crystal with dimensions 0.27 Â 0.18 Â 0.16 mm was chosen for X-ray determination. The data were collected with a Bruker Smart Apex II CCD X-ray diffractometer using graphitemonochromated Mo-Ka radiation (l ¼ 0.071073 nm). The structure was solved by direct methods (SHELXTL-97) and refined by full-matrix-block least-squares methods on F 2 with anisotropic thermal parameters for all non-hydrogen atoms.
Crystal data and refinement results are summarized in Table 1 .
The molecular structure and the three-dimensional packing diagram of the 4-ATDNG crystal are illustrated in Fig. 1 and Fig. 2 respectively. The analytical results indicate that the molecular structure of 4-ATDNG is made up of one 4-amino-1,2,4-triazole cation and one dinitroguanidine anion. The cation and anion are distributed in different planes, and the whole molecule presents an almost perpendicular conformation. Table 2 shows selected bond lengths, bond angles, and dihedral angles. It can be seen that the C-N bond lengths range from 1.2973 to 1.3727 Å whereas the N-N bond lengths range from 1.3397 to 1.4041 Å . Obviously, all the C-N or N-N bond lengths are between normal C-N, N-N bond lengths (1.47 and 1.45 Å respectively) and normal C¼N, N¼N bond lengths (1.28 and 1.25 Å respectively). This indicates that the bonds in the 4-amino-1,2,4-triazole cation and the dinitroguanidine anion tend to be average and form a large conjugated system that promotes the stability of the crystal.
Thermal Behaviour
The TG-DTG-DSC curves of 4-ATDNG with an initial temperature of 408C up to 8008C at a heating rate of 15 K min À1 are shown in Fig. 3 . From the figure, two steps are obviously seen in the TG curve, which reveals that the decomposition reaction is a two-stage process: the first stage starts from 160 to 2308C with 80 % weight loss and is followed by the second stage, which starts at 6508C and ends at 7508C with ,20 % weight loss. Correspondingly, there is an evident sharp peak at ,2008C and a faint peak at ,7208C in the DTG curve. This also demonstrates that the decomposition reaction is a two-stage process. The DSC curve shows an evident endothermic peak (147.58C) and a sharp exothermic peak (204.88C), which correspond to the melting and decomposition of 4-ATDNG respectively. The exothermic process occurred immediately after the melting of 4-ATDNG, with a measured decomposition enthalpy of 1440 J g À1 . 
Non-isothermal Decomposition Kinetics
Two thermal analysis kinetic methods were jointly employed to calculate the relative kinetic parameters such as activation energy (E a ), pre-exponential constant (A), entropy of activation (DS Kissinger Equation (Differential Method) [19] 
where b i is the heating rate; E K is the activation energy calculated by the Kissinger method; A K is the pre-exponential factor (A) calculated by Kissinger's method; T pi is the maximum peak temperature, which can be obtained from the DSC curves; and R is the gas constant. Then, a straight line was obtained by plotting ln(b i /T pi 2 ) v. the reciprocal of the temperature (T À1 ). The slope of the line is equal to ÀE K /R and the intercept of the line is equal to ln(AR)/E K . Thus, the activation energy calculated by the Kissinger method, E K , and the pre-exponential factor A can calculated from the slope and intercept of the plot respectively.
Ozawa-Flynn-Wall Equation (Integral Methods) [20] log b ¼ log AE 0 RGðaÞ À 2:315 À 0:4567
where a is conversion ratio; G(a) is the mechanism function for the thermal decomposition; E 0 is apparent activation energy; A is the pre-exponential factor; T is the peak temperature; R is the gas constant and b is the heating rate. This isoconversional method allows evaluation of the dependence of the activation energy on the degree of conversion without the knowledge of the explicit form of G(a). [21] At the peak temperature, the degree of conversion (a) at different heating rates would be at a constant value. [22] Therefore, using Doyle's approximation, [23] Eqn 2 was simplified and rewritten by Flynn-Wall-Ozawa as:
Then, another straight line was obtained by plotting ln b v. the reciprocal of the temperature (T À1 ). The activation energy and pre-exponential factor can easily be calculated based on the slope and intercept of the plot respectively as described above.
According to the equations, non-isothermal studies at the different heating rates of 5, 10, 15, and 20 K min À1 were carried out to obtain the relative kinetic parameters. The data b, T pi , and the kinetic parameters obtained from the Kissinger and Ozawa methods are summarized in Table 3 .
From Table 3 , it is obvious that the values of T pi of the exothermic peak shifted to higher temperatures as the heating rate increased. The values of E calculated from the Kissinger method (E K ) agree well with that obtained by Ozawa's method 4-Amino-1,2,4-triazole Dinitroguanidine Energetic Salt(E 0 ), though the value of E K is slightly higher than that of E 0 . Besides, both of the linear correlation coefficients are very close to 1 and thus it is predicted that the result is credible. However, the apparent activation energy of 4-ATDNG is relatively low and this is consistent with the fact that 4-ATDNG easily decomposes when the temperature is above 1508C. Based on the calculated kinetic parameters (E a and A), other thermodynamic parameters such as the entropy of activation (DS 6 ¼ ), the enthalpy of activation (DH 6 ¼ ), and the free energy of activation (DG 6 ¼ ) could be calculated using Eqns 4-6 [24, 25] respectively.
where T ¼ T p0 , the peak temperature (T pi ) corresponding to , the value of T p0 must be known. Then the next important task is to calculate the value of T p0 , which can be calculated from Eqn 7. [26] T 
Critical Ignition Temperature
The critical temperature of thermal explosion (T b ), which can be defined as the lowest temperature to which a specific charge may be heated without undergoing thermal runaway, [27, 28] is another important parameter for evaluating the thermal stability of energetic materials. This parameter is necessary to ensure safe storage and process operations involving explosives, propellants, and pyrotechnics. The value of T b of 186.368C can be calculated from the following equation: [29, 30] 
where E 0 is the apparent activation energy obtained by Ozawa's method; R is the gas constant; and T p0 is the peak temperature corresponding to b -0, 446.75 K.
Detonation Properties
Computations were performed with the Gaussian 03 suite of programs. [31] The geometric optimization of the structures was based on single-crystal structures, where available, and frequency analyses were carried out using the B3-LYP functional with the 6-31þG(d,p) basis set, [32, 33] and single-energy points were calculated at the MP2(full)/6-311þþG(d,p) level. All of the optimized structures were characterized to be true local energy minima on the potential energy surface without imaginary frequencies.
Detonation properties, such as detonation velocity (D) and detonation pressure (P), are the most important targets in screening energetic materials and many empirical methods have been applied to estimate these properties. Numerous studies have proved the Kamlet-Jacobs [34] equations to be the most reliable approach among the empirical methods:
where the terms in Eqns 9 and 10 are defined as follows: D, detonation velocity (km s À1 ); P, detonation pressure (GPa); N, moles of detonation gases per gram explosive; M, the average molecular weight of these gases; Q, heat of detonation (cal g À1 ); and r, the loaded density of explosives (g cm
À3
). According to the Kamlet-Jacobs equations, the values of N, M, and Q, which could be obtained using the equations summarized in Table 4 , should be calculated first to estimate the values of D and P.
Then the next important task is to determine the enthalpy of formation (DH 0 f ) of the energetic salt. According to the BornHaber energy cycle (Fig. 4) , the enthalpy of formation of a salt can be simplified as the following equation (Eqn 11):
where DH L is the lattice energy of the salt. The value of DH L can be predicted by the formula suggested by Jenkins et al.: [35] 
where U POT is the lattice potential energy and n M and n X depend on the nature of the ions M pþ and X q-, respectively, and are equal to three for mono-atomic ions, five for linear polyatomic ions, and six for non-linear polyatomic ions. The equation for the lattice potential energy U POT has the following form:
where r is the density (g cm À3 ), M is the chemical formula mass of the ionic material (g mol À1 ), and the coefficients g ) are assigned literature values. [35] The enthalpy of formation (DH 0 f ) of the cations and anions is computed using the method of isodesmic reactions (Scheme 2 [36] ). The energies of the parent ions in the isodesmic reactions were calculated from protonation reactions (Scheme 3; enthalpy of formation of H þ is 1530 kJ mol
À1
). [37, 38] The enthalpy of the isodesmic reaction (DH 0 f ) is obtained by combining the MP2/6-311þþG** energy difference for the reaction, the zero-point energies (B3-LYP/6-31þG**), and other thermal factors(B3-LYP/6-31þG**). Thus, the enthalpy of formation of the cations, anions, and the salt being investigated can be extracted readily according to Further, the impact sensitivity of an energetic material is essential, because it is an important index to guarantee safety for storage or use. Keshavarz et al. [39] proposed that the impact sensitivity 
Conclusions
(1) 4-Amino-1,2,4-triazole dinitroguanidium salt (4-ATDNG) as a novel organic nitrogen-rich energetic salt was synthesized and structurally characterized by single-crystal X-ray diffraction. It is crystallized in a monoclinic system, space group P21/C. (2) The thermal behaviour of 4-ATDNG presents two processes of weight loss and a single sharp exothermic peak at ,204.88C. 
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